Restricted availability of cell and animal models is a rate-limiting step for investigation of salivary gland neoplasm pathophysiology and therapeutic response. Conditionally reprogrammed cell (CRC) technology enables establishment of primary epithelial cell cultures from patient material.
Introduction
Primary salivary gland neoplasms arise from both major (parotid, submandibular, or sublingual gland) and minor salivary glands (1) . They are composed of benign and malignant tumors of different histopathological types and exhibit a range of responses to chemotherapy (2) . Relatively uncommon, they comprise approximately 5% of head and neck tumors (3) with an incidence of 1.7 cases per 100,000 individuals in the United States (4) . Limited case numbers and access to patient samples coupled with scarce availability of authenticated cell lines and animal models translate into our current relatively restricted understanding of salivary gland cancer pathophysiology and chemotherapeutic response (5) . Standard treatment is surgical resection followed by postoperative radiation (6) . Chemotherapy is reserved for recurrence, metastases, and when surgical resection is not possible (7) . In addition to being a site for primary cancers, the parotid gland also hosts non-salivary metastatic disease, particularly cutaneous squamous cell cancers, pathophysiology attributed to the presence of glandular lymph nodes (8) . Sialoadenitis is a non-malignant inflammatory condition that can present as a salivary gland neoplasm (9) .
Mucoepidermoid carcinoma (MEC) is the most common malignant salivary gland tumor representing 30-40% of all salivary gland malignancies (10) . CREB Regulated Transcription Coactivator 1 (CRTC1)-Mastermind Like Transcriptional Coactivator (MAML2), CRTC3-MAML2 and EWS RNA Binding Protein 1 (EWS)-POU Class 5 Homeobox 1 (POU5F1) fusion genes are reported to be more frequent in low as compared to high grade MEC (11) (12) (13) . Presence of CRTC1-MAML2 is associated with overexpression of the EGF family member Amphiregulin (AREG) (14) (15) (16) (17) (18) , where the presence of both has been correlated with longer disease-free survival (19) .
AREG is an Epidermal Growth Factor (EGF) family member acting through the EGF Receptor (EGFR) to activate Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) and AKT/Protein kinase B (AKT) pathways that promote cell survival and proliferation. EGFR is an ErbB family member proposed as a therapeutic biomarker in head and neck cancer (20) .
Activated AKT pathways are reported in many different types of salivary gland cancer (21, 22) and AKT inhibitors with dissimilar mechanisms of action are available (23,24). MK2206 is an oral allosteric highly selective AKT inhibitor that reduces levels of phosphorylated (p-) AKT while GSK690693 is an ATP-competitive AKT inhibitor where exposure results in increased levels of p-AKT but reduced levels of p-Glycogen Synthase Kinase 3 Alpha/Beta (GSK3α/β) and p-Mechanistic Target Of Rapamycin (mTOR) (25,26) MK2206 has documented activity in phase II solid tumor clinical trials (27) (28) (29) . GSK690693 is a validated reference molecule for its class (25).
Conditionally reprogrammed cell (CRC) technology can generate primary epithelial cell cultures from normal, benign and malignant tissue from different species (30) (31) (32) (33) (34) (35) . Here we explored its utility for establishing primary cell cultures from different types of human salivary gland neoplasms, examined if sufficient material for next generation sequencing could be obtained from the initial cultures, and tested if the cells could be expanded to evaluate growth and chemosensitivity under different culture conditions. In human normal keratinocytes the Rho kinase inhibitor (ROCK) Y-27632 induces down-regulation of genes involved in keratinization and differentiation (36) while in malignant mouse mammary epithelial cells use of CRC technology favors up-regulation of keratin (KRT) differentiation genes when compared to mammary optimized media (34) . In mammary cells this is associated with up-regulation of Tumor Protein (TP)p53 family genes (34, 37) . Therefore, the study compared expression of TP53 and salivary epithelial cell KRT differentiation-linked proteins (38, 39) in original tissue and cells cultured under CRC and non-CRC conditions. RNA sequencing (RNA-seq) is an established tool for unbiased transcriptome characterization and fusion gene screening (40, 41) . Whole exome sequencing is a means to evaluate DNA for known driver mutations, single nucleotide polymorphisms (SNPs), and insertions and deletions (indels) (42) . RNAseq results from CRC cultured cells and original tissue show high concordance when passage number is limited (34) . Here we tested if combining CRC technology with next generation sequencing (NGS) could be used to correctly identify candidate therapeutic pathways present in the parenchyma of the original tissue.
Methods and Materials
Primary salivary gland epithelial cell culture, xenograft and cytogenetic analysis. (30, 31, 43) and assigned a unique Georgetown University Medical Center 6 (GUMC) primary cell culture identifier. For secondary passage, primary cells were separated from feeder layers by differential trypsin treatment (30s, 0.05% trypsin, ThermoFisher) followed by wash with 1X Phosphate Buffered Saline (PBS) to remove detached feeder layer, second treatment with 0.05% trypsin to detach epithelial cells before placement in conditioned medium Heparin solution (Stemcell Technologies, Vancouver, BC), and 100µg/mL streptomycin/penicillin (ThermoFisher). Conditioned medium was prepared by plating irradiated Swiss 3T3-J2 mouse fibroblast feeder cells (7 X 10 6 /T175cm 2 tissue culture flask) in complete F medium with collection of supernatant F medium (CM) followed by filtration through 0.22-mm pore-size filter (EMD Millipore, Billerica, MA) after three days with storage at -80°c and before use mixed with complete F medium (75%CM/25% complete F) (44) . Primary cell cultures were viably frozen and re-cultured when needed. For 3D, embedded cultures in Matrigel (BD Biosciences, Franklin Lakes, NJ), cells were grown to 80-90% confluency, detached by trypsinization, resuspended in complete F medium + Y (4x10 4 cells/suspension) on ice, mixed with 1.2ml of Matrigel, plated on the surface of precoated 6 well culture plates with two ml of F medium + Y added on top and placed at 37°C with 5% CO 2 (45) . To precoat plates, prechilled 6 well culture plates were coated with a thin layer of Matrigel (200µl) and incubated at 5 min at 37°C. Cultures were maintained for 10 days. For 3D spheroid culture, 1.5 x10 4 cell /100µl of CM+Y, CM, and EpiC was plated in 96 well round bottom low attachment plates (Corning, NY, USA), centrifuged at 1000 rpm (5 min), and placed at 37°C with 5% CO 2 . Vybrant TM Cell-Labeling Solution (ThermoFisher) was used to label cells with green fluorescence (10µl cell-labeling solution/1mL cell suspension with incubation at 37°C (30 min) followed by centrifugation at 150rpm (5 min), removal of 7 supernatant followed by washing three times in warm media and resuspension. Digital images of 2D and 3D primary cell cultures were taken using EVOS™ XL Core Cell Imaging System (ThermoFisher). For xenograft development, six-week-old athymic nude (NU (NCr)-Foxn1nu) female mice (n=20) (Harlan Laboratories, Inc., Frederick, MD) (26-30gm) were housed in barrier zones in single-sex sterilized ventilated cages at Georgetown University and acclimatized one week prior to primary cell inoculation (10 6 /site in 25µl PBS/25µl Matrigel (BD Biosciences, Franklin Lakes, NJ) via 1cc syringe/27-gauge needle) into thoracic and inguinal mammary fatpads (4 sites/mouse) and into flank subcutaneously (2 sites/mouse) through a skin incision under isoflurane anesthesia. Mice were monitored weekly with measurement of palpable and visible tumors and euthanized by CO 2 inhalation followed by cervical dislocation when mice reached 6 months of age or palpable tumors > 1cm 3 , whichever occurred first. At necropsy mice were examined for xenograft growth at injected sites and tissue removed for formalin fixation and processing for pathological examination. All animal procedures were performed and approved by the GUMC Institutional Animal Care and Use Committee. For conventional cytogenetic analysis (karyotyping), primary GUMC220/221 cells were cultured in F media + Y (passage (P) 9 for both). Chromosome preparation and G-banding assays were performed using standard protocols (46) and chromosomes identified and classified according to standard cytogenetic nomenclature (47) .
RNAseq, Exome Sequencing and Analyses.
Primary cells cultured in CRC were pelleted and total RNA (n=14) (RNeasy Mini Kits, Qiagen, Valencia, CA) and DNA (n=8) (MasterPure complete DNA and RNA purification Kit, Epicentre, Madison, WI) extracted and quality analyzed (Nanodrop, Agilent Bioanalyzer 2100, Agilent Technologies, Santa Clara, CA). For RNAseq shotgun library construction (200bp insert) was completed and then sequenced using a HiSeq2000 (91bp pair-ended lane generating 2 Gb/sample, raw data) (Macrogen, Seoul, South Korea) and aligned to a human reference genome (UCSChg19). Transcriptomes were assembled, transcript abundance estimated (FPKM: fragments per kilobase of transcript per million mapped reads) and statistically significantly differentially expressed genes (DEGs) between paired specimens determined (2fold up-or 0.5 down-regulated expression) (Cufflinks and Cuffdiff) (48, 49) . Top ten Hallmark gene sets were identified using (Molecular Signatures Database (MSigDB) and Ingenuity Pathway Analysis (IPA) for top ten canonical pathways for DEGs ≥500 FPKM. Heat maps were generated using ClusVis (a web tool for visualizing clustering data (BETA) (50) . Candidate fusion genes were identified with FusionCatcher Software (fusioncatcher.py 0.99.3e beta) (41) .
For Human Exome Capture sequencing, the Sure Select Target Enrichment System Capture Process was used with Illumina HiSeq2000 (91bp paired end sequencing with SureSelect Human All Exon V4 (51M) kit (50X on target coverage) followed by analysis of exome sequencing data using Burrows-Wheeler Aligner (51) to map data against UCSChg19 and SAMTOOLS (52) for identification of SNPs and indels. RNAseq files to be uploaded to Gene Expression Omnibus (GEO) and DNA exome sequencing files to Sequence Read Archive (SRA).
Reverse Transcriptase Polymerase Chain Reaction (RT-PCR), Quantitative RT-PCR and

Fluorescence in situ hybridization (FISH).
RNA was extracted from cell pellets (RNeasy Mini Kit, QIAGEN, Gaithersburg, MD), quantified (Nanodrop, Thermo Fisher Scientific) and 1µg total RNA used to prepare cDNA (iScript™ cDNA 
Statistics.
Fishers exact test was used to compare frequency distribution of top ten HALLMARK pathways, unpaired t test, two-tailed to compare AREG qRTPCR, One-way ANOVA test was used to compare drugs response treatment on primary cells, unpaired t-test, Welch-corrected, onetailed was used for western blot analysis and means and standard errors of the mean (SEM) calculated and plotted (GraphPad Software Prism 6.0, Inc. La Jolla, CA). (Table 1) . Specimens were obtained from surgically excised tissue with the exception of ca ex PA (attained from fine needle aspirates). Paired independently derived cultures were established from different geographic regions of the same tumors (n=9) to be used for NGS and secondary culture studies ( Figure 1A ). Formalin fixed paraffin embedded (FFPE) parent tissue was available for validation studies. Neither age nor sex influenced likelihood of culture establishment however no cultures could be established from the two sialoadenitis cases attempted. The well differentiated MEC (GUMC220/221) and two metastatic to salivary gland SCC specimens (GUMC264/265 and GUMC367) were selected for secondary culture studies ( Table 2 ). All cells expanded for multiple passages (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) under the three secondary 2D culture conditions attempted ( Figure 1B (Table 4 ). In GUMC220/221 these included Brca2 rs144848, TP53 rs1042522, AURKA rs2273535, RET rs1800858 and ADH1B rs1229984. and Ribosomal Protein S6 Kinase (p70Sk) Signaling, mTOR Signaling) ( Figure 3B ).
Results
Primary cultures from salivary gland neoplasms established using CRC technology were expanded under alternate culture conditions and yielded sufficient material at low passage numbers for NGS analyses
An activated AREG-EGFR-AKT
Comparison of EGF and ErbB family member FPKM levels demonstrated that AREG, Heparin
Binding EGF Like Growth Factor (HBEGF), EGFR and ERBB2 were expressed at relatively higher levels than other family members in all the paired samples ( Figure 3C ). GUMC220/221 demonstrated differential AREG expression levels with statistically significantly higher levels in GUMC221 as compared to GUMC220 on both bioinformatics analysis (48, 49) Table 2 ). Primers designed around the predicted fusion site revealed a product of the expected size on RT-PCR ( Figure 3G , Supplementary Table 3 , Figure 4E ). KRT protein expression was evaluated for concordance between original tissue and cultured cells to follow-up on the candidate KRT14-KRT5 fusion gene identified in cultured cells. KRT8, KRT18 and TP53 were included for comparison because they are also expressed at relatively higher levels under CRC conditions (34) . Reactivity for KRT5/18 was higher than KRT14/8 in the original MEC ( Figure 5A) . In contrast primary cells in CRC showed higher reactivity for KRT5/14 than KRT8/18 and this pattern was largely preserved in Matrigel culture ( Figure 5B Figure 5D ).
MEC GUMC220/221 cells were significantly more sensitive to AKT inhibitor MK-2206 than GSK690693
Survival of GUMC220/221 primary cells was assessed following exposure to AKT inhibitors MK2206 and GSK690693 over a range of concentrations in 2D and 3D culture conditions using the three different media shown to propagate the cells (CM+Y, CM and EpiC). Figure 3B ). Because ERBB2 (HER2) overexpression has been linked to the differential pattern of MK2206 and GSK690693 sensitivity found here (29) , RNA and protein expression levels were evaluated in GUMC220/221 but no increases were found ( Figure 3C, Supplementary Figure 4 ). Because reduced AKT3 expression levels in triple negative breast cancers are reported to increase sensitivity to GSK690693 (Chin et al. 2014) , FPKM values of AKT1/2/3 were checked in GUMC 220/221. FPKM levels were highest for AKT1 (82.28/77.81) followed by AKT2 (27.25/22.38) and AKT3 (1.17/1.62).
Discussion
Primary cell cultures were established from all of the benign, primary cancer and metastatic samples attempted although not the two chronic sialoadenitis cases. Chronic sialoadenitis is an inflammatory disease that leads to atrophy and loss of acinar structures (54) .
It is possible that either or both the presence of inflammation or diminished epithelia contributed to the lack of success with this disease. Epithelial cells were isolated from a salivary gland containing a lymphoma (GUMC311/312) demonstrates an approach for isolating nonmalignant epithelial cells from the lymphoma environment for studies targeted towards the study of heterogeneous cell populations in malignancy. MEC GUMC220/221 cultures were able to form a patient derived xenograft but this was not true of all cultures attempted. The same has been reported for CRC-derived cells from human pancreatic cancers (55) . It could be notable that only the MEC GUMC220/221 cells carried a cancer-risk associated TP53 SNP altering p53 function (56) . CRC-derived murine cancer cells with Trp53 haploinsufficiency effectively form allografts (34) .
The primary human cultures established using the classic CRC technology were secondarily propagated in alternative media, as reported previously for murine cells (34) . They also propagated in 3D culture formats. 3D culture formats have been proposed as being more representative of the in vivo setting leading to more accurate predictive chemosensitivity testing (57) . Here the differential sensitivity of the two AKT inhibitors was present in both 2D and 3D culture formats. It also was present across the different culture media tested. Because rho kinases are linked to multiple roles in carcinogenesis (58) and Rho kinase inhibitors impact cellular physiology in several ways (59, 60) , a concern was whether or not the presence of Y-27632 would distort chemotherapeutic testing. But this was not the case for the agents tested, MK2206, GSK690693, doxorubicin, as was previously shown for Vorinostat tested in CRC cells from an HPV11-related laryngeal carcinoma (32).
The differential response to the two different AKT inhibitors underscores the more general need for a further understanding of the genetic settings in which specific anti-cancer drugs will be active. The relative resistance to GSK690693 in the MEC cells appeared to be innate rather than acquired in culture as it was evident on first testing and found in all culture formats. Significantly previously described mechanisms of GSK690693 resistance were not present. In the clinic AKT inhibitors are anticipated to be used in combination with other chemotherapeutic agents, not as single agents (24). One next step would be to evaluate response to MK2206 in rational combinations with other agents active in salivary gland cancers (61) . More generally, the approach described here can be used to expand testing of human primary cancer cells to further our knowledge of chemosensitivity of salivary gland cancers.
Reproducible results from RNAseq and exome sequencing were obtained from cells established in CRC at low passage, providing data specifically on the epithelial component of the tissue and mitigating variables associated with more prolonged cell culture including gene expression drift (34) . There was high concordance on genetic findings from each of the paired samples, even though they were derived from were geographically distinct sites within the tumors. This could argue that single specimens may be sufficient. At the same time the high levels of AREG expression found in the MEC reported here were only present in one of the two primary cultures, perhaps arguing against single specimens for precision medicine.
In salivary gland cancers fusion genes are seen as key molecular drivers (16) . In MEC they are reported to be more frequently present in low-grade MEC and in association with AREG overexpression but that was not the case for the MEC studied here. The presence of a novel KRT14-KRT5 fusion gene here could not be fully confirmed at the DNA level. FPKM values for KRT14 and KRT5 were relatively high in the cultured cells. It is possible the fusion detected could be a chimeric RNA or a spurious finding as has been previously reported for RNAseq data (62, 63) .
In summary, the approach employed here can reasonably, rapidly and cost-effectively expand primary cell cultures from salivary gland neoplasms for genetic and chemosensitivity studies, extending our understanding of the pathophysiology of these relatively uncommon cancer types and providing a foundation for precision medicine. 
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